RA. Transgenic expression of pancreatic secretory trypsin inhibitor-1 rescues SPINK3-deficient mice and restores a normal pancreatic phenotype. Am J Physiol Gastrointest Liver Physiol 298: G518 -G524, 2010. First published January 28, 2010; doi:10.1152/ajpgi.00431.2009.-Endogenous trypsin inhibitors are synthesized, stored, and secreted by pancreatic acinar cells. It is believed that they play a protective role in the pancreas by inhibiting trypsin within the cell should trypsinogen become prematurely activated. Rodent trypsin inhibitors are highly homologous to human serine protease inhibitor Kazal-type 1 (SPINK1). The mouse has one pancreatic trypsin inhibitor known as SPINK3, and the rat has two trypsin inhibitors commonly known as pancreatic secretory trypsin inhibitors I and II (PSTI-I and -II). Rat PSTI-I is a 61-amino acid protein that shares 65% sequence identity with mouse SPINK3. It was recently demonstrated that mice with genetic deletion of the Spink3 gene (Spink3 Ϫ/Ϫ ) do not survive beyond 15 days and lack normal pancreata because of pancreatic autophagy. We have shown that targeted transgenic expression of the rat Psti1 gene to acinar cells in mice [TgN(Psti1)] protects mice against caerulein-induced pancreatitis. To determine whether the autophagic phenotype and lethality in Spink3 Ϫ/Ϫ mice were due to lack of pancreatic trypsin inhibitor, we conducted breeding studies with Spink3 ϩ/Ϫ heterozygous mice and TgN(Psti1) mice. We observed that, whereas Spink3 ϩ/ϩ , Spink3 ϩ/Ϫ , and Spink3 Ϫ/Ϫ /TgN(Psti1) mice had similar survival rates, no Spink3 Ϫ/Ϫ mice survived longer than 1 wk. The level of expression of SPINK3 protein in acini was reduced in heterozygote mice compared with wild-type mice. Furthermore, endogenous trypsin inhibitor capacity was reduced in the pancreas of heterozygote mice compared with wild-type or knockout mice rescued with the rat Psti1 gene. Surprisingly, the lesser amount of SPINK3 present in the pancreata of heterozygote mice did not predispose animals to increased susceptibility to caerulein-induced acute pancreatitis. We propose that a threshold level of expression is sufficient to protect against pancreatitis.
PSTI-I; pancreatitis; autophagy TRYPSIN IS SYNTHESIZED in the pancreas in the form of inactive trypsinogen and stored in zymogen granules within acinar cells. Pancreatic secretory trypsin inhibitor (PSTI) is an endogenous protein inhibitor of trypsin that is also present in zymogen granules and inhibits prematurely activated trypsin to protect the pancreas from possible damage (11) . Serine protease inhibitor Kazal-type 1 (SPINK1) is the human homolog of PSTI and is expressed at high levels in the pancreas (7) representing 0.1-0.6% of total pancreatic protein (8) and 0.1-0.8% of the total protein in pancreatic juice (28) . It has been estimated that the amount of trypsinogen exceeds the amount of trypsin inhibitor in the pancreas, and in humans it has been shown that SPINK1 mRNA levels are 1,000-fold lower than cationic trypsinogen (PRSS1) levels (14) raising the possibility that should trypsinogen become active in the pancreas there would be insufficient inhibitor to prevent activation of other zymogens and the subsequent deleterious effects of active enzymes within the pancreas.
SPINK1 is one of three known genes involved in chronic pancreatitis in humans (3, 15, 16, 33) ; the two other genes being PRSS1 (cationic trypsinogen) (32) and CFTR (cystic fibrosis transmembrane conductance regulator) (5) . In contrast to PRSS1, which has been identified as a high-penetrance gene leading to chronic pancreatitis through gain-of-function mutations (2), SPINK1 appears to be an intermediate-penetrance gene in which the most common variant allele (N34S) increases pancreatitis susceptibility (2, 13) . Homozygote mutation at position 34 (N34S) confers a high-penetrance effect of SPINK1 on chronic pancreatitis (13, 33) .
The mouse homolog of human SPINK1 is SPINK3. SPINK3 is expressed early during embryogenesis as indicated by in situ hybridization and LacZ staining of transgenic Spink3 ϩ/lacz mice. It is detected in the foregut, midgut, and hindgut as well as forebrain/midbrain at 9.5 days postcoitus (dpc) (31) . SPINK3 appears in the pancreas at 11.5 dpc and is also present in the large intestine at 11.5 dpc, small intestine at 13.5 dpc, and genital system at 13.5 dpc. Interestingly, SPINK3 was first characterized in the ventral prostate of adult male mice and was initially named P12 protein (4, 19) . Unlike its expression in the pancreas, SPINK3 expression in the prostate is stimulated by testosterone (20) . The human PSTI peptide has also been detected in a number of organs in addition to exocrine pancreas including the stomach, intestine, and urinary tract in both fetus and adult (6) and its mRNA is present in exocrine pancreas, gastrointestinal tract, and breast acini (18) .
Recently a Spink3 knockout (Spink3 Ϫ/Ϫ ) mouse was engineered (26) . The pancreata of these mice developed normally up to 15.5 dpc but at 16.5 dpc a progressive degradation of the exocrine pancreas was observed that was attributed to autophagic cell death. Spink3 Ϫ/Ϫ mice did not survive beyond 15 days postpartum. Furthermore, active trypsin was detectable in acini of Spink3 Ϫ/Ϫ mice 0.5-1.5 days old but was absent in wildtype or heterozygote mice (25) .
Two related PSTIs are present in the rat pancreas: PSTI-I (also known as PSTI-61 or monitor peptide) and PSTI-II (also known as PSTI-56) (21) . There is evidence that PSTI-I but not PSTI-II stimulates the release of cholecystokinin from neuroendocrine cells of the intestine (1, 10, 17, 21, 22) . We had previously designed a transgenic mouse in which a minigene composed of the mouse elastase promoter coupled to the rat PSTI-I gene (Psti1) was inserted into the mouse genome. The rat peptide was detected exclusively in pancreatic acini and increased the total trypsin inhibitor activity of the pancreas. Moreover, the severity of experimental secretagogue-induced acute pancreatitis was significantly reduced in PSTI-I transgenic [TgN(Psti1)] mice (23) .
In the present study we sought to determine whether the mortality of Spink3 knockout mice was due to lack of trypsin inhibitor in the pancreas and whether transgenic expression of PSTI-I in Spink3 Ϫ/Ϫ mice could compensate for the absence of SPINK3 and confer a normal phenotype to the animal. Western blot analysis. Expression of SPINK3 was assessed in Spink3 ϩ/ϩ and Spink3 ϩ/Ϫ pancreata by Western blot analysis using a rabbit anti-mouse SPINK3 antibody. Pancreata were homogenized in 50 mM Tris buffer pH 7.5 containing 150 mM NaCl, 10 mM EDTA, 1 mM DTT, 0.1% SDS, 1% Nonidet P-40, and 0.5% deoxycholic acid sodium salt. Supernates were loaded on a NuPAGE 4 -12% Bis-Tris gel (Invitrogen, Carlsbad, CA) and transferred onto nitrocellulose membrane (0.2 m Hybond; GE Healthcare, Piscataway, NJ). The membrane was cut in half; one half was incubated with monoclonal mouse anti-␣-tubulin (Amersham Biosciences, Piscataway, NJ), and the other half was reacted with a rabbit anti-SPINK3 antibody. Each blot was either incubated with a horseradish peroxidase-conjugated rabbit anti-mouse antibody (Pierce, Eugene, OR) or a horseradish peroxidase-conjugated goat anti-rabbit antibody (Pierce). The antigens were detected via an ECLϩ detection system (GE Healthcare). Bands were quantified by use of the Bio-Chemi system (UVP Bioimaging Systems, Upland, CA) according to the manufacturer's instructions.
MATERIALS AND METHODS

Animal
Inhibition of trypsin activity. Pancreatic extracts were prepared as previously described (23, 30) . Trypsin activity was measured by fluorescence following the method described by Kawabata et al. (12) . Pancreatic extracts containing 160 g/ml of protein were added to 20 pM bovine trypsin (15,000 BAEE units/mg) (Pierce). The reaction was started after the addition of the substrate Boc-Gln-Ala-Arg-MCA at a final concentration of 40 M (Peptides International, Louisville, KY). The kinetic reaction in the linear range was monitored for 10 min in a Safire plate reader (TECAN, Mannedorf, Switzerland) with an excitation wavelength of 380 nm and emission wavelength of 440 nm. Results were expressed as the percent inhibition of trypsin activity and were determined as the ratio of the rate of reaction by using the formula %inhibition ϭ 100(⌬TϪ⌬N)/⌬T in which ⌬T is the rate of change with trypsin alone and ⌬N is the rate of change with trypsin ϩ pancreatic extract (23) .
Acute pancreatitis. Caerulein-induced pancreatitis was induced in mice by injection of supramaximal doses of caerulein (50 g/kg) intraperitoneally every hour for 12 h (23). Control animals received isotonic saline injections every hour for 12 h. Animals were killed 1 h postinjection and blood was collected for measurement of serum amylase. The pancreas was quickly collected and weighed for determination of pancreas wet weight-to-body weight ratio as a measure of pancreatic edema, and then pancreatic tissues were fixed in 10% formalin, paraffin embedded, and stained with hematoxylin and eosin. Histological assessment of pancreatitis severity was determined by using a scoring system for disease severity (edema, neutrophil infiltration, and necrosis) as previously described (23, 29) .
Electron microscopy and histological staining. Pancreatic tissues were fixed in 10% formalin, embedded in paraffin, and stained with hematoxylin and eosin. Slides were photographed with a ϫ10 objective. Electron microscopy was performed as described previously (23) .
Biochemical measurements. Serum amylase was measured as previously described (23) .
Statistical analyses. Data for Western blot analysis, trypsin inhibition, amylase, edema, and total histological scoring were analyzed by one-way ANOVA analysis of variance with the Tukey posttest when more than two populations were considered and Student's t-test when two populations were considered (GraphPad Software, San Diego, CA). Results were expressed as means Ϯ SE. Statistical significance was set at P Ͻ 0.05. Survival rates were analyzed by comparison of survival curves with the log-rank (Mantel-Cox) test (GraphPad Software). Results were expressed as means Ϯ SE. Statistical significance was set at P Ͻ 0.05.
RESULTS
Sequence comparison of mouse SPINK3 and rat PSTI-I.
Endogenous trypsin inhibitors have been found in the pancreas of several species. In the mouse, the endogenous trypsin inhibitor is SPINK3, which shares sequence similarity with PSTI-I in the rat. Mouse SPINK3 and rat PSTI-I belong to a subfamily of Kazal-type PSTI proteins. The primary sequences of mouse SPINK3 and rat PSTI-I are shown in Fig. 1 . The conserved 
The survival of newborn mice was monitored daily until 3 wk of age. Afterward no unanticipated deaths were observed in the surviving mice well into adulthood. n, Number of mice born in each group. region consists of two subregions, containing 27 amino acids and 9 amino acids separated by a 6-amino acid nonconsensus sequence (www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). These two proteins are highly similar with only two significant amino acids being dissimilar in the 27-amino-acid subdomain (an aspartic acid in the mouse protein is replaced by an asparagine in the rat protein and a valine in the mouse protein is replaced by serine in PSTI-I). The second subdomain shows slightly more divergence with the sequence RKG in the mouse being replaced by QRR in the rat protein. Fig. 3 . The histological appearances of pancreata from wild-type, Spink3 heterozygote, and Spink3 Ϫ/Ϫ /TgN(Psti1) mice were indistinguishable and there were no features of inflammation or necrosis. The histological appearance is consistent with the normal gross appearance of the pancreata, which were also similar among these genotypes.
Trypsin inhibitor expression in Spink3 ϩ/ϩ and Spink3 ϩ/Ϫ mice. Western blot analysis of SPINK3 was performed on pancreas from wild-type and Spink3 ϩ/Ϫ heterozygote mice (Fig. 4) . SPINK3 protein was more highly expressed in wild-type mice (Spink3 ϩ/ϩ ) than in the heterozygote Spink3 ϩ/Ϫ mice (Fig. 4A) . The level of expression was compared by quantifying the intensity of the SPINK3 band vs. ␣-tubulin used as an internal control. SPINK3 protein was fivefold greater in wild-type mice compared with heterozygote mice (Fig. 4B) . Ϫ/Ϫ mouse photograph was taken after death (8 days old), whereas all the other mice were killed at 8 days of age. 
Trypsin inhibitor activity in Spink3
ϩ/ϩ , Spink3 ϩ/Ϫ , and Spink3 Ϫ/Ϫ /TgN(Psti1) mice. Trypsin inhibitor activity was measured in pancreas from mice and results were expressed relative to inhibition of standard amounts of bovine trypsin (Fig. 5) . Pancreatic extracts from Spink3 ϩ/Ϫ mice had significantly less inhibitory capacity compared with Spink3 ϩ/ϩ or Spink3 Ϫ/Ϫ / TgN(Psti1) extracts. Pancreatic extracts from Spink3 ϩ/Ϫ mice inhibited 55% of trypsin activity, whereas Spink3 ϩ/ϩ and Spink3 Ϫ/Ϫ /TgN(Psti1) mice had inhibitory capacities of 75 and 71%, respectively (n ϭ 4; P Ͻ 0.01). These findings indicate that the transgenic expression of PSTI completely restored trypsin inhibitor activity to that of the normal pancreas.
Electron microscopy. Representative electron microscopic images of pancreatic acinar cells from mouse embryos at 18.5 dpc are shown in Acute pancreatitis. To determine whether lower SPINK3 levels predisposed animals to pancreatitis, we subjected wildtype and heterozygote mice to caerulein-induced pancreatitis. Representative photomicrographs of pancreas from Spink3 ϩ/ϩ or Spink3 ϩ/Ϫ mice following vehicle (control) or caerulein injection are shown in Fig. 7 . Edema, necrosis, and neutrophil infiltration characteristic of acute pancreatitis were evident in both wild-type and heterozygote mice after 12 h of caerulein treatment. Quantitative analyses of blood amylase, edema (measured as pancreas wet weight per body weight) and total histological score (consisting of edema, necrosis, neutrophil infiltration and hemorrhage) are shown in Fig. 8 . Despite lower trypsin inhibitor levels in SPINK3 ϩ/Ϫ mice compared with wild-type mice, the increases in blood amylase, edema, and total histological scores were not significantly different.
DISCUSSION
SPINK3 is highly expressed in pancreas, where it is thought to prevent activation of trypsinogen and other pancreatic proenzymes should small amounts of trypsin become activated within the pancreas. It has been reported that mutation in the human equivalent Spink1 gene can lead to chronic pancreatitis (13) . This report shows that pancreas-specific expression of the rat PSTI-I protein, which is similar but not identical to the mouse SPINK3 protein, was able to compensate for the absence of SPINK3 in Spink3 Ϫ/Ϫ mice and restore viability in Spink3 Ϫ/Ϫ /TgN(Psti1) mice. Pancreatic extracts from wild-type and Spink3 Ϫ/Ϫ /TgN(Psti1) mice exhibited similar trypsin inhibitory capacities in an in vitro assay. However, Spink3 ϩ/Ϫ mice inhibited significantly less trypsin activity than either Spink3 ϩ/ϩ or Spink3 Ϫ/Ϫ /TgN(Psti1) mice. Although the trypsin inhibition assay is not a commonly used method to assess SPINK expression, the differences we observed in inhibitor activity are in agreement with the reduced amount of SPINK3 protein (measured by Western blot analysis) in the pancreas of Spink3 ϩ/Ϫ animals compared with wild-type mice. Interestingly, the reduction in SPINK3 levels in heterozygote mice did not affect the viability of these mice, suggesting that there was a sufficient amount of SPINK3 present in the pancreas to protect the organ against spontaneous trypsin activation and autophagic degradation.
In this study, we demonstrated that mice lacking the Spink3 gene do not grow normally and die prematurely. Within 1 wk of birth all Spink3 Ϫ/Ϫ mice died and, upon examination, the pancreas was markedly abnormal. The pancreata of Spink3 Ϫ/Ϫ mice were small, and in most animals only a small remnant of pancreas was apparent. Electron microscopy revealed autophagic vacuoles within pancreatic acinar cells, consistent with earlier findings (26) .
Autophagy is a normal cellular process involved in the bulk degradation and clearance of intracellular proteins. A distinctive morphological feature is the envelopment of lysosomes forming autophagosomes with double membranes. Recent reports suggest that abnormalities in autophagic processing may play a role in the pathogenesis of pancreatitis (26) . When the autophagy-related gene (Atg5) was genetically deleted in conditional knockout mice, trypsinogen activation was diminished and mice were protected against caerulein-induced experimental pancreatitis, suggesting that autophagic activation of trypsin may be required for the initiation of pancreatitis (9, 27) .
We proposed that trypsin inhibitor may protect the pancreas against pancreatitis by reducing conversion of trypsinogen to active trypsin (23) . If this is true, it is possible that reduced trypsin inhibitor levels in the pancreas may increase the susceptibility of the pancreas to pancreatic injury, trypsin activation, and subsequent pancreatitis. To address this possibility we subjected Spink3 ϩ/Ϫ mice to caerulein-induced injury that causes mild to moderate pancreatitis in wild-type animals. Surprisingly, we observed that even though Spink3 ϩ/Ϫ mice have trypsin inhibitor levels that are substantially lower than wild-type animals, the severity of pancreatitis was no greater in these mice. However, these findings do not negate the importance of trypsin inhibitor as a protective mechanism in pancreatitis but may suggest that even small amounts of trypsin inhibitor play a protective role in our model of acute pancreatitis. Although we did not demonstrate increased susceptibility of Spink3 ϩ/Ϫ mice to acute pancreatitis, it is possible that pancreatitis susceptibility would be evident under other conditions in which the severity or timing of pancreatic injury and recovery was different.
It has been estimated that patients heterozygous for a SPINK1 mutation have a 20-to 40-fold increased risk of developing chronic pancreatitis (13, 24) . This risk may be as high as 500-fold in individuals with homozygous mutations (13) . The mechanism by which SPINK1 mutations predisposes one to chronic pancreatitis is not entirely clear but has been attributed to ultimate loss of function. Therefore, it is likely that impaired interactions between trypsin and trypsin inhibitor occur. Quantitation of SPINK1 and PRSS1 mRNA levels in normal human pancreas by real-time PCR indicated that SPINK1 mRNA levels may be 1,000 times lower than PRSS1 levels (14) . Interestingly, however, SPINK1 mRNA levels were increased in patients with pancreatitis with a ratio of SPINK1/PRSS1 as high as 6 to 1. There was no definitive information regarding the respective SPINK1 and trypsinogen protein levels.
In summary, accumulating data indicate an important relationship between endogenous pancreatic trypsin and trypsin inhibitor and the development of pancreatitis. Our findings illustrate the requirement for trypsin inhibitor in normal pancreatic development, but further work is necessary to clarify the pathogenic role of SPINK in pancreatitis.
